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The molecular organization of the yeast transcrip-
tional coactivator Spt-Ada-Gcn5 acetyltransferase
(SAGA) was analyzed by single-particle electron mi-
croscopy. Complete or partial deletion of the Sgf73
subunit disconnects the deubiquitination (DUB)
module from SAGA and favors in our conditions the
cleavage of the C-terminal ends of the Spt7 subunit
and the loss of the Spt8 subunit. The structural com-
parison of the wild-type SAGA with two deletion
mutants positioned the DUB module and enabled
the fitting of the available atomic models. The locali-
zation of the DUB module close to Gcn5 defines a
chromatin-binding interface within SAGA, which
could be demonstrated by the binding of nucleo-
some core particles. The TATA-box binding protein
(TBP)-interacting subunit Spt8 was found to be
located close to the DUB but in a different domain
than Spt3, also known to contact TBP. A flexible
protein arm brings both subunits close enough to
interact simultaneously with TBP.
INTRODUCTION
Transcription of protein coding genes by RNA polymerase II is
a tightly regulated process that requires the coordinated action
of several protein molecules triggering the assembly of the pre-
initiation complex (PIC) on gene promoters. Sequence-specific
transcriptional activators and posttranslational modifications
of nucleosomal histones recruit multisubunit coactivator com-
plexes acting as bridging factors between activators and the
PIC (Gru¨nberg and Hahn, 2013). Coactivators modify promoter
chromatin structure and coordinate PIC assembly with epige-
netic chromatin modifications. The Spt-Ada-Gcn5 acetyltrans-
ferase (SAGA) complex is a paramount example of coactivators
(Grant et al., 1997). In S. cerevisiae, the 1.8 MDa SAGA complex
is composed of 19 distinct subunits, most of which have homo-
logs in higher eukaryotes (Nagy and Tora, 2007). The SAGA
complex has a modular organization, as evidenced by genetic
complementation studies (Eisenmann et al., 1994) and electronStructure 22, 1553–15microscopy (EM) models (Wu et al., 2004). Recently, quantitative
proteomics established a subunit interaction network and
segmented SAGA into four stable modules (Lee et al., 2011).
The SPT module contains four proteins (Spt3, Spt7, Spt8,
Spt20), originally identified in a genetic screen for suppressors
of promoter mutations (Winston and Sudarsanam, 1998) clus-
tered with Ada1 and Tra1. Spt3 and Spt8 were shown to directly
interact with TATA-box binding protein (TBP) (Mohibullah and
Hahn, 2008) and to modulate positively or negatively its interac-
tion with particular promoters (Warfield et al., 2004). The C
terminus of Spt7 can be cleaved by the Pep4 protease to form
the SAGA-like (SLIK or SALSA) complex, which also lacks Spt8
that interacts with the cleaved part of Spt7 (Pray-Grant et al.,
2002; Spedale et al., 2010). SLIK was shown to be recruited to
HIS3 promoter and activate transcription, thereby counteracting
the inhibiting role of SAGA on this promoter (Belotserkovskaya
et al., 2000). The Tra1 subunit is shared with the NuA4 complex
and was shown to interact with a large set of activator such as
Gcn4 and Gal4 (Brown et al., 2001; Knutson and Hahn, 2011).
A TBP-associated factor (TAF) module composed of Taf5,
Taf6, Taf9, Taf10, and Taf12 is shared with the transcription fac-
tor IID (TFIID) complex and is believed to form a structural core
on which the other modules are assembled. A core-TFIID com-
plex composed of a similar Taf subset (Taf5, Taf6, Taf9, Taf4,
Taf12) was identified (Bieniossek et al., 2013). Its structure and
assembly pathway revealed a dimeric core TFIID assembled
from a (Taf5-Taf6-Taf9)2 subcomplex shared with SAGA. The
two other Tafs present in SAGA (Taf10 and Taf12) contain a his-
tone-fold domain (HFD) and have SAGA-specific HFD-contain-
ing interaction partners, Spt7 and Ada1, respectively (Gangloff
et al., 2001). SAGA harbors a histone acetyl transferase (HAT) ac-
tivity carried by the Gcn5 subunit and modulated by the Ada2
and Ada3 subunits (Grant et al., 1997). Together with Sgf29,
these subunits form the HAT module, which is a major regulator
of histone H3 acetylation in yeast cells. Gcn5 contains a bromo-
domain, which binds acetylated lysines in histone tails (Hassan
et al., 2002), and Sgf29 holds a double Tudor domain capable
of binding H3K4me2/3, two hallmarks of actively transcribed
chromatin (Vermeulen et al., 2010).
A deubiquitination (DUB) module composed of the catalytic
Ubp8 subunit, tightly regulated by the Sgf73, Sgf11, and Sus1
subunits, catalyzes the cleavage of monoubiquitin from lysine
123 of histone H2B (Daniel et al., 2004; Henry et al., 2003).
Ubp8 is inactive until interacting with the other DUB module59, November 4, 2014 ª2014 Elsevier Ltd All rights reserved 1553
Figure 1. Specimen Characterization
(A) Silver stain SDS-PAGE analysis of the subunit composition of SAGA
complexes purified from the Spt20-TAP-taggedWT, Sgf73D1–104, andDSgf73
strains. The identity of characteristic SAGA subunits bands is indicated.
(B) Proteomic analysis of the SAGA complexes purified from the WT (blue),
Sgf73D1–104 (red) and DSgf73 (green) strains. The NSAF corresponds to the
SAF values of each protein, multiplied by 100 and normalized by the sum of all
SAF values. Scale bars and error bars represent, respectively, the mean and
standard deviation over three experiments. The sgf73D experiment was done
only once to confirm the absence of the DUB subunits.
(C) Electron micrograph of negatively stained WT SAGA molecules. Scale bar
represents 50 nm.
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Mapping the Deubiquitination Module in SAGAsubunits, indicating that all four components are required for
optimal enzymatic activity (Ko¨hler et al., 2008). The Sgf73 and
Sgf11 subunits harbor the conserved SCA7 and Zinc finger
domains, respectively, which have been shown to interact with
nucleosomes (Bonnet et al., 2010; Koehler et al., 2014). The
incorporation of a long polyglutamine expansion into ATXN7,
the human homolog of Sgf73, leads to type 7 spinocerebellar
ataxia (David et al., 1997; Helmlinger et al., 2004).
Structural information is required to understand the mecha-
nisms of SAGA-dependent gene activation and the crosstalk be-
tween the multiple functions integrated in the SAGA complex.
EM has been used to determine a 3D model of the SAGA com-
plex and to map 9 of the 19 SAGA subunits (Wu et al., 2004).
The atomic structure of the DUBmodule shows a compact orga-
nization with a highly intertwined subunits interaction network
(Ko¨hler et al., 2010; Samara et al., 2010). The DUBmodule forms1554 Structure 22, 1553–1559, November 4, 2014 ª2014 Elsevier Ltdtwo functional lobes, organized around the two Ubp8 domains.
The catalytic lobe is formed by the C-terminal domain of Ubp8
and the C-terminal zinc-finger domain of Sgf11. The assembly
lobe is organized around a long Sgf11 helix. The N-terminal
104 residues of Sgf73 are located between the two Ubp8 do-
mains where they potentiate Ubp8 activity and anchor the DUB
module to the SAGA complex.
To locate the DUBmodule within the SAGA complex, we have
determined the 3D structure of SAGA complexes in which the
N-terminal part of Sgf73 or the full Sgf73 subunit has been
deleted to remove the DUB module. The module is found in the
vicinity of Gcn5 and Spt7, thus defining a nucleosome interaction
interface within the SAGA complex. In our hands, the deletion
of the DUB module leads to an increased processing of the C-
terminal part of Spt7 and consequently to the loss of Spt8. These
subunits were also mapped and found in the same region as
the DUB module, which was unexpected since Spt3, the other
TBP-interacting protein, is found in a different domain.
RESULTS
The Deletion of the SAGA DUB Module Promotes Spt7
Cleavage
Saccharomyces cerevisiae SAGA was purified from a wild-type
(WT) strain TAP tagged at the C terminus of Spt20, and its protein
composition was consistent with previous results (Figure 1A).
The Spt7 subunit migrated as two bands with apparent molecu-
lar weights of 250 kDa for the full length and 230 kDa for the trun-
cated form of Spt7, which incorporates into the SLIK complex
(Pray-Grant et al., 2002; Spedale et al., 2010). In our conditions,
these two bands are of similar intensity, suggesting that SLIK
and SAGA are equally represented.
Samples were analyzed by multidimensional protein identifi-
cation technology (MudPIT) (Washburn et al., 2001), and the rela-
tive abundance of SAGA subunits was estimated by normalized
spectral abundance factors (NSAFs) (Zybailov et al., 2006) (Fig-
ure 1B). All 19 SAGA subunits were identified among the most
abundant proteins, and the NSAF values were in similar ranges,
suggesting that all subunits are present in the same copy number
except for Sus1, which was detected at higher abundance. The
structural homogeneity of the sample was checked by EM of
negatively stained molecules (Figure 1C).
A sgf73D1–104 strain was generated from the WT strain by de-
leting residues 1–104 of Sgf73 necessary to assemble the DUB
module. As expected, the four DUB module subunits were ab-
sent from the sgf73D1–104 SAGA, as shown by gel electropho-
resis (Figure 1A) and mass spectrometry (Figure 1B), except
for the Sgf73 subunit for which peptides corresponding to the
C terminus were still detected. Interestingly, peptides from the
C-terminal part (after position 1,142) of Spt7 were strongly
depleted and the upper Spt7 band is missing in SDS-PAGE (Fig-
ure 1A). The cleaved part of Spt7 holds the Spt8 binding site
(Spedale et al., 2010), and consistently, mass spectrometry
showed that Spt8 is also missing, indicating that the sgf73D1–104
SAGA is fully converted into the SLIK form. Such a comprehen-
sive Spt7 cleavage upon removal of the DUB module was not
observed previously (Bian et al., 2011; Ko¨hler et al., 2010)
and may reflect slight differences in genetic background,
growth conditions, or purification setting. The proteomic analysisAll rights reserved
Figure 2. 3D Model of WT SAGA
(A) Representative SAGA view revealing lobe A composed of domains I and II and lobe B formed by domains III, IV, and V.
(B) 3D reconstruction of the WT SAGA complex.
(C) Separation of different conformations of the SAGA complex by maximum likelihood 3D classification. The molecular clamp formed by lobe B can adopt a fully
closed (cyan) or opened (yellow) conformations.
(D) A 3D model of lobes B (top) and A (bottom) analyzed independently.
The scale bar represents 10.6 nm in (A) and (C), 9.4 nm in (B), and 3.6 nm in (C).
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Mapping the Deubiquitination Module in SAGAof a second mutant with a full SGF73 deletion (sgf73D strain)
confirmed that the four subunits of the DUB module were
missing and that Spt7 was preferentially cleaved resulting in
low Spt8 abundance (Figures 1A and 1B).
Structure and Molecular Motion in WT SAGA
Negatively stainedWT SAGAmolecules were processed for EM,
and the analysis of 19.226 images revealed characteristic SAGA
views showing five domains annotated from I to V and organized
into two major lobes containing domains I and II (lobe A) and do-
mains III, IV, and V (lobe B) (Figure 2A). The 3D model calculated
from this data set revealed three protein connections between
domains I and II in lobe A, as well as large solvent-accessible
channels (Figure 2B). Lobe B adopts a molecular clamp-shaped
architecture in which domains III and V protrude from a large
crescent-shaped domain IV. The major connection between
the two lobes occurs through domains II and IV, while a faint
connection is observed between domains I and III.
In order to analyze possible conformational changes, a 3D
classification scheme based on regularized likelihood optimiza-
tion was used to form four classes (Figure 2C) (Scheres, 2010).
While the structure of lobe A did not fluctuate, lobe B showed
large conformational changes. A major variation is evidenced
by an opening and closing of the clamp. In the most closed
configuration, the two domains are in contact and form a protein
ring, while in the more opened state, the two domains are sepa-
rated by 7 nm. Relative movements between lobes A and B were
also evidenced such as rotations along the long molecular axis
and around the connection between domains II and IV.Structure 22, 1553–15To correct for these movements, each lobe was aligned inde-
pendently to improve the resolution of structural details. Such an
approach has been used previously (Sauerwald et al., 2013) and
is applicable because the two lobes show little overlap in the
SAGA views. While little resolution gain was obtained for lobe
A, the structural description of lobe B improved significantly
(Figure 2D; see also Figures S1 and S2 and Table S1 available
online). In particular, domain III is more extended and harbors
a protein density only drafted in the uncorrected model. Domain
V grows in size and shows more structural details such as a
constriction in the connection to domain IV. Finally, the connec-
tion between domains I and III is strengthened when lobe B is
analyzed separately.
Mapping of the DUB Module
SAGA complexes purified from the sgf73D1–104 or sgf73D strains
were analyzed to map the DUB module. A 3D model of sgf73D
SAGA was determined from 30.409 negatively stained mole-
cules by analyzing each lobe independently. Lobe A is similar
in the mutant and in the WT SAGA models (data not shown),
thus excluding the possibility that it hosts the 137 kDa DUBmod-
ule. In contrast, large differences are detected in lobe B (Fig-
ure 3B; see also Figure S3 and Movie S1). The largest difference
reflects the absence of domain V the sgf73D SAGA complexes
(red densitymarked by an arrowhead in Figure 3B).While domain
V is not visible in sgf73D SAGA, the analysis of the sgf73D1–104
mutant clearly revealed the flexible domain V with similar dimen-
sions than in WT SAGA (Figure 3A). This observation indicates
that domain V does not contain the DUB module. A similarly59, November 4, 2014 ª2014 Elsevier Ltd All rights reserved 1555
Figure 3. Position of the DUB Module
(A) Characteristic SAGA views clustered accord-
ing to the position of the flexible domain V in
WT, Sgf73D1–104, and Sgf73D preparations. The
frequency of each class is indicated.
(B) Density difference map between WT and
Sgf73D SAGA lobe B maps superimposed to the
WT map (green mesh). Positive differences (ab-
sent in Sgf73D) are represented in red and nega-
tive differences (absent in WT) in blue.
(C) Schematic representation of the proposed
relocation of domain V between the WT (green)
and the Sgf73D (purple) SAGA molecules.
(D) Fitting of the atomic structure of the DUB
module into the WT SAGA model. The discrimi-
native DUB feature allowing the positioning of its
atomic structure is highlighted by a red circle.
The scale bar represents 35.6 nm in (A), 5 nm in (B)
and (C), and 3.2 nm in (D).
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Mapping the Deubiquitination Module in SAGAsized volume is found inserted at the bottom of the sgf73D SAGA
cleft, while it is absent in the WT SAGA (blue density marked by
an arrowhead in Figure 3B). This observation shows that the
position of domain V is different in the mutant SAGA complexes.
It probably folds back into the cleft when the C-terminal part of
Sgf73 is removed and produces the additional density, although
a more profound reorganization of lobe B cannot be ruled out
(Figure 3C).
A second large densitymissing in themutant SAGA complex is
located at the tip of domain III, and the size of this density is
compatible with that of the DUB module (red density marked
by an asterisk in Figure 3B). The crystal structure of the quater-
nary complex containing the full-length Ubp8, Sgf11, and Sus1
and the N-terminal fragment of Sgf73 (Ko¨hler et al., 2010) was
fitted into this missing volume in a unique position since the loca-
tion of the Ubp8 domain composed of residues 281–303 and
326–353 forming three b strands and two loops was discrimina-
tive (Figure 3D).
Mapping the Spt8 Subunit
The density difference map between the WT and the sgf73D
SAGA complexes revealed a third significant difference located
at the interface between domain III and domain I (red arrow in
Figure 3B). This density could correspond to the 189 C-terminal
residues of Spt7 (21.6 kDa) and to Spt8 (66 kDa) lost during pro-
teolysis. Consistently, previous labeling experiments mapped
the C terminus of Spt7 in lobe III (Wu et al., 2004). In order to
confirm the position of Spt8, subunit-specific antibodies were
incubated with purified WT SAGA. The analysis of 1,227 images1556 Structure 22, 1553–1559, November 4, 2014 ª2014 Elsevier Ltd All rights reservedshows the antibody molecule bound to
domain III in a position consistent with
the density detected in the difference
map (Figures 4A and 4B).
Interaction of SAGA with the
Nucleosome Core Particle
The SAGA coactivator harbors several
nucleosome binding motifs all located
in lobe B (Figure 4D). In order to
verify whether nucleosome core particles(NCPs) can interact with SAGA and to map its binding interface,
coactivator complexes were immobilized on calmodulin sephar-
ose beads and incubated with a 7.5-fold molar excess of re-
combinant NCPs formed from full-length bacterially expressed
recombinant Xenopus laevis core histones assembled onto a
196 bp long 601 nucleosome positioning sequence (Syed et al.,
2010). The complexes were briefly washed and eluted before
EMpreparation andobservation. The analysis of 3,909negatively
stained complexes revealed that about 24% of the SAGA
particles were bound to NCPs, thus indicating the possibility for
SAGA to interact with unmodified NCPs. Class averages calcu-
lated from SAGA-NCP images showed a bound density adjacent
to domain III and consistent with the size of a nucleosome (Fig-
ure 4C). Both round and elongated densities are attached to
SAGA, suggesting that the NCP orientation can fluctuate.
DISCUSSION
The architecture of the SAGA coactivator was revisited by
analyzing a large image data set and by considering itsmolecular
heterogeneity and flexibility (Figure S2 and Movie S1). Lobe A
appears extremely stable, and its organization into two domains
interconnected by three protein links did not show significant
conformational changes. Antibody labeling experiments showed
that the crescent-shaped domain I contains the Tra1 subunit (Wu
et al., 2004). This part of SAGA was found structurally similar to
the NuA4 complex, which is also organized into two domains
(Chittuluru et al., 2011). This similarity probably reflects the func-
tional homology between the two complexes in activator binding
Figure 4. Location of Spt8 and Nucleosome
Binding
(A) Class averages of SAGA molecules labeled by
Spt8-specific polyclonal antibodies showing the
IgG molecule bound to domain III (arrowheads).
(B) Superimposition of the WT (green mesh) and
the Sgf73D (purple) SAGA lobe B maps. Domains
containing the Spt3 and the Spt8 subunits are
highlighted.
(C) Gallery of class averages corresponding to
NCP-bound SAGA molecules. The interacting
nucleosome density is highlighted by an arrow-
head.
(D) Schematic mapping of the major nucleosome
binding domains onto the surface representation
of SAGA lobe B. Bromo, bromodomain; SCA7,
SpinoCerebellar Ataxia 7; Tudo, Tudor domain;
and ZnF, zinc-finger domain.
The scale bar represents and 19.3 nm in (A) and (C)
and 5.8 nm in (B) and (D).
Structure
Mapping the Deubiquitination Module in SAGAandHAT activity. Not only is the overall shape conserved but also
the number and position of connections with Tra1, suggesting
that Tra1 shares the same interaction interfaces with the SAGA
or NuA4 subunits. A recent genetic and functional dissection of
Tra1 is consistent with this observation since the same nonviable
Tra1 mutations both affected SAGA and NuA4 complex stability
(Knutson and Hahn, 2011). The modular organization of SAGA
determined by quantitative mass spectrometry (Lee et al.,
2011) has proposed an interaction between Tra1 and subunits
of the SPT module. Spt3 and Spt20 map in the B lobe at a dis-
tance from Tra1 that precludes direct interaction (Wu et al.,
2004). Our results, however, indicate that Spt8 and possibly
the C terminus of Spt7 form a bridge between domains III and I
to contact Tra1, thus giving a hint to the observed interaction.
Position of the DUB Module
The DUBmodule is located at the tip of domain III, and the fitting
of its atomic coordinates shows that the ubiquitin binding and
the catalytic sites are solvent exposed in a suitable orientation
to interact with chromatin (Figure 3D). The DUB module is posi-
tioned close to Gcn5, which may explain the reported crosstalks
between the two enzymatic activities. In mammalian cells, the
deletion of Gcn5 impairs the association of the DUB module
with SAGA (Atanassov et al., 2009), while in yeast, the full dele-
tion of Sgf73 compromises the HAT activity, which can be
restored by expressing human ATXN7 (McMahon et al., 2005).
Furthermore, an ATXN7 carrying a 60 glutamine repeat to mimic
the human SCA7 disease was described to bind to a recombi-
nant Gcn5/ada2/ada3 complex and to decrease its HAT activity
(Burke et al., 2013). The spatial proximity of the HAT and DUB
modules does not contradict this observation since a long and
unstructured polyQ stretch could interfere with the HAT catalytic
or regulatory activities or with the nucleosome recognition
functions.Structure 22, 1553–1559, November 4, 2014 ªIn this study, Spt7 cleavage correlates
with the removal of the DUB module
in a sgf73D background, which was
unexpected since previous results did
not reveal such an effect (Ko¨hler et al.,2008; Lee et al., 2011). Minor differences in the purification pro-
tocol or genetic background may explain this discrepancy. The
DUB module maps close to Spt7, and its removal may uncover
the C terminus of Spt7 and promote its degradation by the cyto-
plasmic Pep4 protease (Spedale et al., 2010). The activator bind-
ing and promoter recruitment activities of SAGA have been
shown to be regulated by the proteasome regulatory particle,
and recent results suggest that the proteasomal ATPase can
dissociate the DUB module from SAGA (Lee et al., 2005; Lim
et al., 2013). Our results show that upon Sgf73 depletion the
Spt3 arm folds back into the cleft thus modifying dramatically
the geometry of the TBP-binding interfaces (see below). There-
fore, the promoter recognition function of SAGA is likely to be
affected by the removal of the DUB module.
Chromatin-Binding Interface
Readers and writers of posttranslational histone modifications
are clustered in lobe B. The bromodomains of Gcn5 and Spt7,
the UcH domain in Ubp8, the HAT domain in Gcn5, the SCA7
domain of Sgf73, and the tandem Tudor domain of Sgf29 consti-
tute potential chromatin interaction domains (Figure 4D). Sgf29
and Gcn5 are part of the HAT module located in domain III (Wu
et al., 2004). Here, we show that Sgf73, Ubp8, and the C-terminal
part of Spt7 are also located in domain III, which thus constitutes
a platform for recognition, binding, and modification of nucleo-
somes. Recombinant NCPs bind this region of SAGA probably
through a loose interaction since their orientation with respect
to SAGA is not uniquely defined. This may reflect a binding
through flexible histone tails, which are likely to be stabilized
by specific modifications such as acetylations or histone H3K4
dimethylations or trimethylations. A direct interaction between
the zinc-finger domain of Sgf11 and nucleosomal DNA was
also reported and may contribute to the binding of nonmodified
nucleosome to SAGA (Koehler et al., 2014).2014 Elsevier Ltd All rights reserved 1557
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The Spt3 and Spt8 subunits of SAGA interact genetically with
TBP and are believed to participate to the recruitment of TBP
to SAGA-dependent gene promoters (Laprade et al., 2007).
Biochemical protein crosslinking and pull-down experiments
showed functional interactions of TBP with Spt8 and with Spt3
(Mohibullah and Hahn, 2008; Sterner et al., 1999; Warfield
et al., 2004). Spt3 and Spt20 were previously shown to map to
the flexible domain V, while here we map Spt8 in domain III
(Figure 4B). The two subunits are thus located in two distinct do-
mains and form the tips of a large protein clamp encompassing
lobe B. The Spt3 arm is highly dynamic and can adopt a closed
position bringing Spt3 in close proximity to Spt8, thus giving a
hint to the biochemical and genetic interaction data.
The Spt8 subunit plays a dual role in transcription initiation. On
one hand, the Spt8 deletion derepresses the basal expression of
HIS3 and TRP3 genes. This inhibition of basal transcription is
believed to be caused by a competition with TFIIA for TBP
binding. On the other hand, Spt8 stimulates transcription from
SAGA-dependent promoters in the presence of an activator by
mediating a positive effect of TFIIA (Warfield et al., 2004). These
results suggest that upon interaction with activators, Spt8 un-
dergoes a conformational change that turns it into an active
state. This behavior is paralleled in TFIID where TFIIA undergoes
a massive reorganization upon activator binding, which likely
results in the release the TAF1-induced inhibition of TBP binding
to promoter DNA (Papai et al., 2010). The negative regulator of
TBP-promoter binding Mot1 shows genetic interactions with
Spt3, Spt8, Spt7, and Gcn5 indicating that the Stp3–Spt8 clamp
plays a major role in regulating the interaction of TBP with the
promoter DNA (Madison and Winston, 1997).
EXPERIMENTAL PROCEDURES
Details of the methodological setups can be found in the Supplemental
Experimental Procedures. Briefly, WT and mutant SAGA missing the DUB
module were purified from S. cerevisia strains by tandem affinity purification
with a TAP tag placed at the C terminus of Spt20. The protein content of the
purified complexes was determined by MudPIT analysis on a nanoLC Ulti-
mate 3000 (Thermo Scientific) mass spectrometer, and the relative protein
abundance was estimated by the NSAF (Zybailov et al., 2006). The purified
sample was deposited onto a glow-discharged carbon-coated EM grid and
negatively stained with a 2% (w/v) uranyl acetate solution. Immunolabeling
was performed by incubating WT SAGA with a 5-fold molar excess of rabbit
polyclonal antibodies directed against Spt8, and the immune complexes were
processed for EM. Transmission electron micrographs were recorded at
200 kV at a 45.0003magnification with a final pixel spacing of 0.26 nm. Image
processing was performed using the Imagic software (Image Science Soft-
ware) as described (Wu et al., 2004). Angular assignment of the independently
determined class averages was performed by projection matching, using a
low-pass filtered map of the previously published 3D model of WT SAGA
determined from Random Conical Tilt data (Wu et al., 2004). To analyze
each lobe separately, the coordinates of the center of each lobe was deter-
mined interactively, and images from lobes A and B were extracted from
the rotationally aligned SAGA images. Initial volumes for each lobe were ex-
tracted from the 3D model of the full complex and used for reference
matching.
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